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Abstract 

In  order  to  define  the  risk  from  explosive  eruptions,  one  must  constrain  both  the  probability  of  explosive  events  and  the 
effects,  or  consequences,  of  those  events.  This  paper  focuses  on  the  effects  of  pyroclastic  flows  and  surges  (here  termed 
‘pyroclastic  density  currents’,  or  PDCs)  on  buildings,  infrastructure  elements,  and  to  some  extent  on  vehicles.  PDCs  impart  a 
lateral  force  to  such  structures  in  the  form  of  dynamic  pressure,  which  depends  on  the  bulk  density  of  the  PDC  (which  in 
turn  depends  mainly  on  particle  concentration)  and  its  velocity.  For  reasonable  ranges  of  particle  concentration  (10  3  to  0.5) 
and  velocities  (10  to  300  m/s),  dynamic  pressure  on  the  upstream  face  of  a  structure  ranges  from  ~  0.1  kPa  to  104  kPa. 
Lateral  loads  ranging  up  to  about  100  kPa  were  produced  during  nuclear  weapons  tests  in  the  1940s  and  1950s  that  were 
designed  to  study  the  effects  of  such  loading  on  a  variety  of  structures  for  civil  defense  and  emergency  response  purposes  in 
the  event  of  nuclear  war.  Although  considerable  simplifications  are  involved,  the  data  from  these  weapon  tests  provide 
useful  analog  information  for  understanding  the  effects  of  PDCs.  I  reviewed  data  from  the  nuclear  tests,  describing  the 
expected  damage  from  different  loadings.  Tables  are  provided  that  define  the  response  of  different  structural  elements  (e.g., 
windows,  framing,  walls)  and  whole  structures  to  loading  in  probabilistic  terms,  which  in  principle  account  for  variations  in 
construction  quality,  orientation,  and  other  factors.  Finally,  damage  documented  from  historical  eruptions  at  Mt.  Lamington 
(1951),  Herculaneum  (AD  79  Vesuvius  eruption),  and  St.  Pierre  (1902  Mt.  Pelee  eruption)  is  reviewed.  Damage  patterns, 
combined  with  estimates  of  velocity,  provide  an  independent  estimate  of  particle  concentration  in  the  PDCs.  Details  of 
structural  damage  should  be  recorded  and  mapped  around  future  eruptions  in  order  to  help  refine  this  aspect  of  consequence 
analysis.  Another  fruitful  approach  would  be  to  combine  numerical  simulations  of  eruption  scenarios,  which  can  produce 
simulated  maps  of  dynamic  pressure,  with  GIS-based  data  on  structures  for  a  given  region;  the  result  would  be  predictions  of 
consequences  that  could  be  used  for  planning  and  emergency  response  training.  ©  1998  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  pyroclastic  density  currents;  pyroclastic  flow;  pyroclastic  surge;  structural  damage;  volcanic  hazards 


1.  Introduction 

Explosive  volcanic  risk  assessment  involves  con¬ 
straining  the  probability  that  explosive  eruptions  of 
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given  sizes  will  occur  within  a  certain  space  and 
time  frame,  and  constraining  the  consequences  of  the 
eruptions.  A  very  large  fraction  of  volcanology  re¬ 
search  has  focused  on  establishing  event  probabili¬ 
ties  by  studying  the  geologic  record  at  active  volca¬ 
noes  and  by  monitoring  such  aspects  as  seismicity, 
ground  deformation,  fumarole  discharge,  gravity 
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fields,  and  thermal  regimes  in  order  to  detect  changes 
in  the  systems.  Work  directly  related  to  conse¬ 
quences  has  been  more  limited.  A  first  step  in  conse¬ 
quence  analysis  for  a  given  volcano  is  to  use  its 
eruptive  history  as  a  basis  for  maps  showing  the 
likely  distributions  of  various  eruptive  products  such 
as  debris  avalanche,  pyroclastic  density  current  (a.k.a. 
pyroclastic  flows  and  surges;  also  recognizing  that 
these  can  be  driven  by  lateral  blast  in  addition  to 
density),  fallout,  and  lahar  deposits.  These  products 
relate  directly  to  types  of  damage  that  could  result 
from  their  attendant  eruption  mechanisms.  For  exam¬ 
ple,  fallout  deposits  from  buoyant  eruption  plumes 
result  in  damage  simply  from  the  weight  of  the 
deposits,  such  as  roof  collapse.  Damage  from  lahars 
is  due  to  burial  of  structures  in  mud  and,  where  the 
flow  is  vigorous,  to  incorporation  of  material  into 
and  transport  within  the  lahar.  Pyroclastic  density 
currents  (PDCs)  cause  damage  from  dynamic  pres¬ 
sure  exerted  on  objects,  from  high  temperatures,  and 
by  the  abrasive  power  of  particles  in  the  currents; 
quantification  of  PDC  damage  from  dynamic  pres¬ 
sure  is  the  goal  of  this  paper. 

Blong  (1984)  compiled  data  on  the  effects  (or 
consequences)  of  most  eruption  types  on  structures, 
vehicles,  and  other  aspects  of  society  such  as  agricul¬ 
ture,  however,  there  are  few  quantitative  data  on  the 
conditions  (pressure,  temperature,  particle  loading) 
dining  which  damage  occurred,  particularly  for  pyro¬ 
clastic  density  currents.  This  is  understandable  given 
the  harsh  conditions  within  these  currents  and  the 
unpredictability  of  their  occurrence.  Also,  until  re¬ 
cently  our  ability  to  predict  conditions  within  pyro¬ 
clastic  density  currents  was  limited  to  crude  esti¬ 
mates  of  velocity  and  qualitative  (and  often  contro¬ 
versial)  judgments  about  particle  loading  within  the 
currents.  The  advent  of  multiphase  numerical  models 
of  explosive  volcanic  phenomena  (Wohletz  et  al., 
1984;  Valentine  and  Wohletz,  1989;  Valentine  et  al., 
1991,  1992;  Dobran  et  al.,  1993;  Neri  and  Dobran, 
1994;  Neri  and  Macedonio,  1996),  coupled  with  our 
continually-improving  ability  to  interpret  deposits  in 
terms  of  physical  processes  (e.g.,  Sparks,  1976;  Wil¬ 
son,  1985;  Freundt  and  Schmincke,  1986;  Fisher, 
1990;  Druitt,  1992;  Palladino  and  Valentine,  1995; 
Baer  et  al.,  1997;  Bursik  et  al.,  1998),  makes  it 
possible  to  constrain  the  dynamic  conditions  in  areas 
affected  by  explosive  eruptions.  A  goal  that  is  al¬ 


ready  being  pursued  by  some  researchers  (Giordano 
and  Dobran,  1994;  Dobran  et  al.,  1994)  is  to  model 
explosive  eruption  scenarios  that  produce  a  range  of 
possible  dynamic  conditions  at  points  around  a  vol¬ 
cano.  There  is  a  great  deal  of  work  remaining  to  be 
done  to  improve  the  results  of  these  model  calcula¬ 
tions  (for  example,  multiple  particle  sizes,  better 
constitutive  relations,  and  moving  from  two  to  three 
dimensions).  Nevertheless,  we  are  now  at  a  stage 
where  it  is  important  to  begin  to  quantify  the  conse¬ 
quences  implied  by  scenario  models  in  order  to 
provide  accurate  risk  assessment. 

Because  many  potentially  explosive  volcanoes 
threaten  urban  regions  (e.g.,  Vesuvius  and  Campi 
Flegrei,  Italy;  Popocatepetl,  Mexico;  Sakurajima, 
Japan),  an  important  aspect  of  consequences  is  the 
damage  to  buildings,  infrastructure,  and  vehicles  for 
a  given  set  of  dynamic  conditions.  Prior  knowledge 
of  likely  conditions  (determined  by  event  probabili¬ 
ties  and  scenario  models  of  likely  events)  and  result¬ 
ing  damage  can  aid  in  mitigation  as  engineers  retrofit 
existing  structures,  design  new  ones  that  can  with¬ 
stand  expected  conditions,  and  by  allowing  develop¬ 
ment  of  evacuation  plans  that  emphasize  the  most 
vulnerable  areas  first  in  a  time  of  crisis.  Similarly, 
improved  knowledge  of  likely  damage  is  an  aid  in 
planning  rescue  and  recovery  operations  after  a  dis¬ 
aster. 

During  the  late  1940s  and  1950s  studies  were 
conducted  with  the  same  planning  and  mitigation 
goals  as  described  above,  but  for  civil  defense  in  the 
event  of  a  nuclear  attack.  By  coincidence  there  is 
significant  overlap  in  the  regime  of  conditions  ex¬ 
pected  around  a  nuclear  explosion  and  that  which 
could  be  experienced  during  an  explosive  volcanic 
eruption.  In  addition  to  some  data  from  Hiroshima 
and  Nagasaki,  series  of  tests  were  done  where  a 
range  of  structures  and  vehicles  were  exposed  to 
nuclear  explosions  at  a  range  of  distances  from 
ground  zero.  This  provides  us  with  direct  informa¬ 
tion  on  structural  responses  to  a  range  of  blast 
loadings,  which  can  be  translated  to  conditions  within 
pyroclastic  density  currents.  In  a  sense,  some  aspects 
of  these  nuclear  tests  are  full-scale  experiments  of 
volcanic  phenomena.  In  addition  to  the  tests,  proba¬ 
bilistic  predictions  of  damage  due  to  nuclear  explo¬ 
sions  were  obtained  by  a  form  of  expert  elicitation; 
this  also  provides  some  information  that  is  useful  for 
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constraining  consequences  of  explosive  eruptions  to 
urban  areas. 

The  goal  of  this  paper  is  to  review  the  observa¬ 
tions  of  damage  from  nuclear  explosions  and  to 
glean  information  that  can  be  combined  with  numeri¬ 
cal  scenario  models  to  predict  damage  from  explo¬ 
sive  eruptions.  The  focus  is  on  damage  to  structures; 
other  critical  factors  like  effects  on  humans  (e.g., 
Baxter,  1990;  Baxter  and  Gresham,  1997)  are  not 
discussed  here.  I  begin  by  comparing  phenomena 
associated  with  surface  or  low-altitude  nuclear  ex¬ 
plosions  and  explosive  volcanic  eruptions,  emphasiz¬ 
ing  which  aspects  of  nuclear  explosions  are  within 
the  regime  of  explosive  eruptions  and  where  analo¬ 
gies  lie.  I  then  summarize  qualitative  observations  of 
damage  to  buildings,  and  to  some  extent  vehicles  and 
infrastructure  elements,  from  nuclear  tests  for  differ¬ 
ent  ranges  of  blast  overpressure.  Probabilistic  esti¬ 
mates  of  damage  criteria  are  reviewed.  Finally,  I 
compare  damage  from  nuclear  weapons  with  obser¬ 
vations  of  damage  from  historical  explosive  erup¬ 
tions.  Interestingly,  damage  patterns,  combined  with 
independent  estimates  of  velocity,  provide  a  means 
to  estimate  particle  concentrations  in  the  PDCs.  The 
qualitative  consistency  between  particle  concentra¬ 
tions  estimated  from  damage  criteria  and  from  inde¬ 
pendent  sedimentological  or  facies  criteria  indicate 
that  the  use  of  nuclear  blast  damage  as  an  analog  for 
PDC  damage  is  sufficiently  valid  to  be  useful.  Fi¬ 
nally,  I  summarize  the  implications  of  this  work  for 
volcanic  risk  assessment  and  recommend  future  re¬ 
search. 


2.  Comparison  of  nuclear  and  volcanic  explosion 
phenomena 

Our  understanding  of  explosive  volcanic  eruptions 
owes  a  great  deal  to  observations  of  nuclear  explo¬ 
sions,  as  described  by  Fisher  et  al.  (1997)  in  a 
section  aptly  titled  ‘Bikini  and  the  Base  Surge’ 
(referring  to  nuclear  tests  conducted  on  Bikini  Atoll 
in  the  Pacific  Ocean).  Both  types  of  explosions 
produce  debris-laden  plumes  that  rise  rapidly  through 
atmosphere,  with  large  ring  vortices  at  the  top  of  the 
plume  where  the  ambient  air  is  pushed  aside  (the 
working  surface  of  Valentine  and  Wohletz,  1989), 
until  they  reach  their  levels  of  neutral  buoyancy  in 


the  atmosphere  and  spread  laterally  (termed  the  um¬ 
brella  region  for  volcanic  plumes;  Sparks,  1986). 
Fallout  of  particles  occurs  both  from  the  rising  plumes 
and  the  umbrella  regions.  Observations  of  shallow 
underwater  or  underground  nuclear  explosions  re¬ 
sulted  in  the  concept  of  the  base  surge,  which  was 
fundamental  in  advancing  our  understanding  of  pyro¬ 
clastic  density  currents. 

2.1.  Energy  yields 

Tremendous  quantities  of  energy  are  released  by 
both  nuclear  and  volcanic  explosions,  although  there 
are  some  important  differences  in  the  timing  and 
partitioning  of  this  energy.  Nuclear  explosion  energy 
yields  have  ranged  up  to  a  few  tens  of  megatons 
(Mt)  of  TNT  equivalent  (one  ton  of  TNT  equivalent 
is  4.2  X  109  J — the  traditional  ‘ton’  units  are  re¬ 
tained  when  discussing  energy  yields  of  explosions); 
this  energy  is  released  in  a  very  short  time,  on  the 
order  of  a  microsecond.  The  energy  released  by 
nuclear  reactions  in  a  weapon  raises  the  temperature 
of  the  weapon  materials  to  tens  of  millions  of  de¬ 
grees.  The  materials  then  radiate  X-rays  which  are 
absorbed  within  a  distance  of  ~  1  m  by  the  ambient 
atmosphere,  which  is  in  turn  raised  to  a  very  high 
temperature.  For  low-altitude  and  surface  bursts  (de¬ 
fined  below)  this  combination  of  weapon  materials 
(in  vapor  form)  and  X-ray-heated  air,  called  the 
‘fireball’,  then  transmits  most  of  its  energy  (~  85- 
90%)  to  the  surroundings  by  a  combination  of  ther¬ 
mal  radiation  and  kinetic  energy  driven  as  the  fire¬ 
ball  rapidly  expands.  The  ratio  of  thermal  radiation 
to  air  blast  energy  is  about  2:3  in  many  cases.  For 
comparison,  the  18  May  1980  lateral  blast  at  Mount 
St.  Helens  had  an  estimated  energy  of  24  Mt  (Kieffer, 
1981),  of  which  7  Mt  was  released  as  the  kinetic 
energy  of  the  expanding  cloud.  The  remaining  17  Mt 
were  released  by  condensing  of  steam  and  cooling  of 
clasts  and  water  droplets  (Kieffer,  1981).  Given  that 
the  total  energy  released  in  an  explosive  eruption  is 
determined  by  the  mass,  specific  heats,  and  tempera- 
toe  of  erupted  material,  and  that  the  total  volume  of 
the  Mount  St.  Helens  blast  was  only  between  0.1 -0.2 
km3,  we  see  that  explosive  eruption  energies  can  be 
equal  to  or  far  in  excess  of  nuclear  explosions. 
Obviously,  though,  the  fact  that  a  nuclear  weapon 
releases  all  its  energy  within  ~  10“ 6  s,  as  opposed 
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to  1-10 5  s  in  an  explosive  eruption,  causes  some 
fundamental  differences  in  phenomena.  One  major 
difference  is  thermal  effects;  while  both  types  of 
explosions  produce  thermal  damage,  the  mechanisms 
of  transport  are  very  different.  Heat  is  transported 
mainly  by  thermal  radiation  from  a  nuclear  explo¬ 
sion,  but  mainly  by  advection  within  density  currents 
in  explosive  eruptions.  This  paper  focuses  on  the 
analogy  between  nuclear  air  blast  and  PDCs,  and 
does  not  further  consider  thermal  effects. 

2.2.  Explosion  phenomena 

In  order  to  more  fully  constrain  where  analogies 
lie  between  nuclear  and  volcanic  explosions,  I  now 
review  some  of  the  basic  phenomena  associated  with 
both.  A  general,  detailed  description  of  weapon  phe¬ 
nomena  is  provided  by  Glasstone  and  Dolan  (1977) 
so  a  brief  summary  is  provided  here.  The  focus  is  on 
phenomena  associated  with  low  altitude  and  surface 
bursts  of  nuclear  weapons.  A  burst  at  an  altitude  of 
less  than  10-15  km,  but  high  enough  that  the  fireball 
does  not  touch  the  ground  when  it  reaches  its  maxi¬ 
mum  size,  is  classified  as  low  altitude,  whereas 
explosions  in  which  the  fireball  does  intersect  the 
ground  is  a  surface  burst.  In  both  cases  a  large 
portion  of  the  released  energy  goes  into  air  shock. 

The  sequence  of  events  in  a  low-altitude  nuclear 
explosion  is  illustrated  in  Fig.  1.  First,  a  high-pres¬ 
sure  and  -temperature  fireball  is  formed,  consisting 
of  vaporized  bomb  materials  and  X-ray-heated  air 
(Fig.  la).  The  fireball  rapidly  expands  to  equilibrate 
with  atmospheric  pressure;  this  expansion  drives  a 
strong  shock  wave  (a.k.a.  blast  wave  or  air  shock) 
that  moves  radially  away  from  the  fireball  (Fig.  lb). 
Simultaneously,  thermal  radiation  from  the  fireball 
rapidly  heats  the  ground  surface.  If  the  ground  con¬ 
sists  of  soil  (i.e.,  it  is  not  covered  with  pavement), 
any  pore  moisture  rapidly  vaporizes,  in  turn  fluidiz¬ 
ing  the  soil  to  form  a  dusty  layer  in  the  air  (Fig.  lb). 
For  low  altitude  bursts  the  air  shock  reflects  off  the 
ground  surface  so  that  the  reflected  shock  travels 
back  up  toward  the  fireball.  Some  stress  is  transmit¬ 
ted  into  the  ground  and  propagates  away  from  ground 
zero  as  a  stress  wave  at  a  higher  velocity  than  the  air 
shock,  due  to  the  higher  sound  speed  of  solid  rock 
(Fig.  lc).  It  is  likely  that  the  ground  stress  wave 
contributes  to  the  dust  layer  by  acoustic  fluidization 


(Melosh,  1989)  of  unconsolidated  soil.  As  the  fire¬ 
ball  expands  to  achieve  pressure  equilibrium  with  the 
atmosphere  it  begins  to  rise  due  to  its  buoyancy.  As 
it  rises  it  takes  on  a  rolling  toroidal  shape  and  draws 
air  and  debris  up  with  it,  forming  the  head  and  stem 
of  the  familiar  ‘mushroom  cloud’.  The  rise  rates  for 
such  clouds  can  be  quite  high;  for  example  a  low-al¬ 
titude  burst  in  the  megaton  range  can  rise  nearly  10 
km  in  the  first  minute  after  detonation.  The  air  shock 
continues  to  travel  away  from  the  original  explosion 
site.  The  interaction  between  the  primary  air  shock 
and  the  reflected  shock  produces  a  vertically-ori¬ 
ented  ‘Mach  stem’  shock  that  runs  outward  along  the 
ground  (Fig.  Id).  Because  of  development  of  the 
Mach  stem,  objects  on  the  ground  experience  a 
vertical  shock  and  lateral  loading  even  though  the 
burst  occurs  at  some  altitude  (except  in  an  area 
immediately  beneath  the  burst,  where  shock  loading 
will  be  downward);  this  is  an  important  point  be¬ 
cause  pyroclastic  density  currents  also  will  produce 
lateral  loading.  Immediately  behind  the  Mach  stem, 
winds,  with  entrained  dust  and  debris,  initially  blow 
outward  from  ground  zero.  As  the  Mach  stem  travels 
away  from  a  given  location  the  outward  winds  are 
replaced  by  inward  winds  due  to  suction  from  the 
rising  fireball.  After  the  air  shock  phenomena  are 
over,  the  fireball  continues  to  rise  and  cool  until  it 
reaches  a  neutral  buoyancy  height.  Surface  bursts 
result  in  a  very  similar  sequence  of  events,  except 
that  the  interaction  of  the  fireball  with  the  ground 
surface  results  in  melting  and  cratering  of  the  ground, 
and  much  more  debris  from  the  ground  is  involved 
in  the  rising  mushroom  cloud  (Fig.  le). 

Processes  that  may  accompany  the  above  se¬ 
quence  include  base  surge  and  fallout,  and  the  pre¬ 
cursor  shock.  Shallowly  buried  and  surface  nuclear 
bursts  may  entrain  large  quantities  of  dirt  and  rock, 
which  is  lofted  to  a  given  height  and  then  collapses 
to  form  ground-hugging  density  currents  of  gas-par¬ 
ticle  mixtures.  Similar  phenomena  occur  for  under¬ 
water  nuclear  explosions  where  a  spray  of  vapor  and 
droplets  is  ejected  from  the  sea  surface  as  the  fireball 
erupts  from  the  water.  This  spray  may  collapse  back 
and  form  a  density  current  that  moves  out  across  the 
water.  These  are  true  base  surges.  Note  that  the 
ring-shaped  cloud  of  debris  observed  around  the  base 
of  low-altitude  bursts  is  typically  not  a  base  surge, 
but  is  instead  the  dust  layer  described  in  the  above 
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Fig.  1 .  Sequence  of  events  in  a  low-altitude  nuclear  explosion. 


paragraph.  In  some  tests  where  a  strong  dust  layer  mechanism  for  air  shock  processes  are  the  impulse 

formed,  a  shock  wave  called  the  ‘precursor’  was  of  the  eruptive  mixture  initially  entering  the  atmo- 

observed  to  travel  ahead  of  the  Mach  stem.  The  sphere  and  the  overpressure  of  that  mixture  (Fig.  2a), 

mechanisms  for  formation  of  the  precursor  shock  are  as  opposed  to  an  expanding  fireball.  As  the  volcanic 

linked  to  non-ideal  conditions  (i.e.,  a  hot  layer  of  air  air  shock  travels  outward,  and  the  eruptive  mixture 

near  the  ground  surface)  in  the  atmosphere  right  expands,  some  of  the  mixture  may  be  pulled  laterally 

above  the  ground  surface.  The  precursor  is  not  fur-  by  the  shock  in  a  ‘shock-driven  surge’,  similar  to 

ther  considered  in  this  paper.  those  described  by  Wohletz  et  al.  (1984)(Fig.  2b). 

Explosive  volcanic  eruptions  exhibit  similar  phe-  Meanwhile,  buoyant  portions  of  the  mixture  rise 
nomena  to  nuclear  explosions,  except  that  the  driving  vertically  as  a  plume  with  a  mushroom  structure.  As 
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Fig.  2.  Sequence  of  events  and  main  phenomena  of  explosive  volcanic  eruptions  that  produce  pyroclastic  density  currents. 


an  explosive  eruption  evolves  toward  a  steady  state, 
the  eruptive  mixture  may  collapse  to  form  pyroclas¬ 
tic  density  currents  in  a  manner  very  similar  to 
nuclear  base  surges.  The  buoyant  plume  can  continue 
to  rise,  sucking  material  back  from  the  top  of  the 
PDCs  and  lofting  it  to  higher  altitudes  (Fig.  2c;  the 
coignimbrite  plume),  similar  to  the  continued  rise  of 
a  nuclear  mushroom  cloud. 


3.  Forces  on  structures 

My  interest  in  this  paper  is  in  the  effects  of  the 
above  phenomena,  with  the  exception  of  thermal 
effects,  on  human-made  structures  and  vehicles.  In 
both  nuclear  and  volcanic  explosions,  structures  are 
damaged  by  a  combination  of  air  shock  overpressure 
and  dynamic  overpressure.  To  illustrate  this,  con¬ 
sider  a  simple  structure  on  the  ground,  as  shown  in 
Fig.  3,  at  some  arbitrary  distance  from  the  source  of 
an  explosion.  The  structure  initially  sits  in  ambient 
conditions  at  atmospheric  pressure.  The  initial  air 
shock,  which  is  vertical  even  if  the  explosion  was  at 
some  altitude  due  to  development  of  a  Mach  stem, 
impinges  on  the  structure.  The  pressure  on  the  up¬ 
stream  face  of  the  structure  is  immediately  raised  to 
the  shock  overpressure  value  plus  some  additional 


pressure  due  to  reflection  of  the  shock;  this  addi¬ 
tional  pressure  rapidly  decays  back  to  the  shock 
overpressure  value.  As  the  air  shock  traverses  the 
structure  there  is  a  large  pressure  difference  between 
the  upstream  and  downstream  faces,  resulting  in  a 
net  force  on  the  structure  that  is  directed  away  from 
the  explosion.  Responses  of  structures  to  this  pro¬ 
cess,  termed  diffraction  loading  (Fig.  3),  depend 
highly  on  the  surface  area  of  windows  and  doors, 
which,  once  they  are  blown  open,  allow  propagation 
of  the  air  shock  into  the  structure  and  to  some  degree 
reduce  the  loading  and  resultant  damage.  For  struc¬ 
tures  with  few  or  no  windows,  a  large  pressure 
difference  will  suddenly  exist  between  the  outside 
and  inside,  and  the  structure  may  collapse  inward  if 
it  is  still  standing  after  diffraction  loading.  The  length 
of  a  structure  (measured  parallel  to  the  propagation 
of  the  air  shock)  and  the  shock  speed  are  the  main 
determinants  of  the  duration  of  diffraction  loading. 
For  example,  with  air  shock  velocities  on  the  order 
of  1  km/s  (typical  of  a  nuclear  blast),  a  50  m  long 
structure  would  experience  diffraction  loading  for 
0.05  s. 

After  passage  of  the  air  shock,  there  is  a  period 
during  which  a  strong  wind,  which  may  be  on  the 
order  of  1  km /s  or  higher  near  a  nuclear  explosion, 
blows  outward  from  the  explosion  source.  This  wind 
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Fig.  3.  Mechanisms  for  lateral  loading  of  a  structure  on  the  ground  for  nuclear  and  volcanic  explosions. 


(Fig.  3)  exerts  a  dynamic  pressure  on  the  upstream 
face  of  a  structure  as  its  kinetic  energy  is  converted 
to  a  stagnation  pressure.  Dynamic  overpressure  (also 
simply  called  dynamic  pressure  in  this  paper)  Pdyn  is 
defined  as: 

^dyn=2  PV2  (1) 

where  p  is  the  flow  density,  and  v  is  the  horizontal 
component  of  velocity.  The  effect  of  dynamic  pres¬ 
sure  (also  called  ‘drag’)  loading  is  the  same  as 
diffraction  loading  in  that  both  cause  a  net  pressure 
difference  across  a  structure,  and  thus  a  downstream 
directed  loading.  However,  while  diffraction  loading 
is  for  a  very  short  time  as  the  air  shock  traverses  a 
structure,  dynamic  pressure  can  have  a  much  longer 
duration.  For  a  nuclear  explosion  the  duration  of 
outward-directed  dynamic  pressure  may  be  as  long 
as  a  few  seconds,  before  winds  reverse  due  to  suc¬ 
tion  into  the  rising  fireball. 

For  a  volcanic  explosion,  the  main  source  of 
dynamic  pressure  loading  will  be  from  pyroclastic 
density  currents  (Fig.  3),  which,  although  typically 
much  slower  (by  an  order  of  magnitude,  approxi¬ 
mately)  than  the  wind  in  a  nuclear  blast,  are  particle 
laden  and  thus  denser  than  the  nuclear  wind.  Dy¬ 


namic  pressure  loading  from  PDCs  can  have  much 
longer  duration  than  in  a  nuclear  explosion.  Dynamic 
pressures  near  a  nuclear  explosion  can  range  as  high 
as  a  few  MPa,  but  for  test  conditions  for  structural 
effects  the  dynamic  pressures  and  air-shock  over¬ 
pressures  were  10- 10 2  kPa.  Dynamic  pressures  in 
particle-laden  PDCs  range  from  1-104  kPa,  depend¬ 
ing  mainly  on  particle  loading  and  velocity  (Fig.  4). 

There  are  important  differences  in  the  pressure 
loading  of  structures  in  a  nuclear  explosion  com¬ 
pared  to  those  in  a  volcanic  explosion,  some  of 
which  have  already  been  mentioned.  In  a  nuclear 
blast  at  an  altitude  that  maximizes  blast  damage,  the 
magnitude  of  overpressure  behind  the  air  shock  is 
much  larger  than  that  of  dynamic  pressure  when 
overpressures  are  less  than  about  102  kPa  (Glasstone 
and  Dolan,  1977).  As  the  overpressure  increases, 
dynamic  pressure  also  increases  until  it  is  of  the 
same  magnitude  or  even  greater  than  shock  overpres¬ 
sure.  The  details  of  response  of  a  structure  depend  on 
whether  it  is  more  sensitive  to  the  very  rapid  diffrac¬ 
tion  loading  or  to  the  longer-duration  dynamic  pres¬ 
sure  loading.  In  practice  it  is  difficult  to  separate  the 
two,  since  damage  from  dynamic  pressure  loading 
will  be  affected  to  some  extent  by  the  diffraction 
load  damage  as  the  air  shock  initially  passes  over  a 
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Fig.  4.  Plot  of  dynamic  overpressure  (see  Eq.  (l)  in  text)  against 
horizontal  speed  for  pyroclastic  density  currents  with  particle 
volume  fractions  of  10-5,  10-4,  10-3,  10-2,  0.1,  and  0.5. 
Mixture  density  was  calculated  assuming  the  gas  is  water  vapor  at 
105  Pa,  particles  have  a  density  of  1000  kg/m3  (which  accounts 
for  vesicularity),  and  the  PDC  temperature  is  500  C.  These  are 
representative  conditions  for  many  PDCs.  Note  that  the  parameter 
that  has  the  largest  affect  on  dynamic  pressure  (for  a  given 
velocity)  is  particle  density — larger  particle  densities  would  shift 
the  curves  upward,  and  lower  densities  would  shift  it  downward, 
in  proportion  to  the  actual  density  assumed.  Boxes  show  inferred 
conditions  within  selected  PDCs  based  on  observed  damage  pat¬ 
terns  and  independent  velocity  estimates. 


structure.  For  explosive  eruptions  it  is  unlikely  that 
the  air  shock  will  be  sufficiently  strong  to  cause 
structural  damage  except  very  close  to  the  vent, 
therefore,  reducing  the  importance  of  diffraction 
loading,  while  subsequent  dynamic  pressure  loading 
could  be  quite  high  (Fig.  4)  and  for  a  long  duration 
(the  duration  of  the  PDC),  as  discussed  above.  Also, 
for  long-duration  PDCs  the  effective  shape  of  a 
structure  may  be  modified  during  an  eruption  (even 
if  it  is  not  damaged  early  on)  by  deposition  of 
pyroclastic  material  around  it.  The  data  on  structural 
damage  from  nuclear  tests  are  commonly  given  sim¬ 
ply  as  a  function  of  peak  overpressure  behind  the  air 
shock,  which  reduces  the  direct  applicability  of  the 


data  to  explosive  volcanic  data  (in  addition  to  lump¬ 
ing  diffraction  and  dynamic  pressure  loading  to¬ 
gether  for  the  nuclear  data  themselves).  Neverthe¬ 
less,  the  nuclear  tests  provide  the  nearest  to  full-scale 
experimental  data  that  can  be  applied  to  volcanic 
effects  that  I  am  aware  of.  Although  there  is  a  great 
deal  of  simplification  involved,  I  take  the  approach 
of  using  the  air  shock  overpressure  values  of  nuclear 
tests  as  analogous  for  the  dynamic  overpressure  ef¬ 
fects  of  PDCs.  As  stated  above,  both  ultimately 
cause  a  net  lateral  force  on  a  structure,  the  main 
difference  being  the  time  scale  of  the  loading.  This 
simplification  is  most  appropriate  for  buildings  that 
are  of  sufficient  size  to  experience  significant 
diffraction  loading  while  the  air  shock  traverses  the 
structure,  and  is  less  appropriate  for  vehicles  and 
narrow  structures  (e.g.,  poles,  smoke  stacks)  that  are 
most  susceptible  to  dynamic  pressure  loading. 

One  can  easily  conclude  that  the  response  of 
structures  at  a  given  location  to  loading  from  nuclear 
and  volcanic  explosions  depends  in  detail  on  many 
variables  in  addition  to  the  mechanism  of  loading 
(diffraction  or  dynamic  pressure).  These  include  the 
shape  of  the  structure,  its  orientation  relative  to 
propagation  of  blast  phenomena,  the  number  of 
openings  in  the  structure,  and  whether  it  is  a  framed, 
masonry,  or  reinforced  design.  The  next  section  fo¬ 
cuses  on  the  results  of  nuclear  weapons  effects  tests 
that  addressed  these  factors  for  a  range  of  structures 
at  various  blast  loadings.  However,  even  for  build¬ 
ings  of  the  exact  same  design  there  will  be  variations 
in  their  responses  due  to  varying  quality  of  work¬ 
manship  and  materials.  In  most  cities  where  there  is 
explosive  volcanic  risk  it  will  not  be  practical  to 
quantify  the  mechanical  properties  of  each  existing 
and  planned  building.  A  similar  problem  presented 
itself  to  civil  defense  planners  trying  to  quantify  the 
risk  from  nuclear  attack  scenarios  in  cities.  This  led 
to  development  of  probabilistic  approaches  based  on 
an  early  form  of  expert  elicitation  (e.g.,  Pickering 
and  Bockholt,  1971),  which  are  also  described  and 
applied  to  volcanic  scenarios  below. 


4.  Description  of  weapons  effects  tests  and  results 

During  the  early  phases  (1945-1963)  of  the  nu¬ 
clear  arms  race  between  the  USA  and  the  USSR, 
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military  and  civil  defense  agencies  felt  a  great  ur¬ 
gency  in  the  need  to  minimize  the  loss  of  life, 
infrastructure,  and  shelter  in  the  event  of  an  attack 
and  to  plan  effective  emergency  response.  As  a  result 
numerous  nuclear  tests  were  conducted  to  constrain 
the  responses  of  various  structures,  including  houses, 
industrial  buildings,  hardened  shelters,  railways,  and 
bridges,  and  vehicles  to  blast  conditions.  Many  of 
these  tests  for  the  USA  occurred  in  the  mid-1950s  at 
the  Nevada  Test  Site  in  ‘Operation  Teapot’.  Other 
such  tests  were  conducted  at  Bikini  Atoll  during 
‘Operation  Greenhouse’  and  other  test  series  (e.g., 
Hayen,  1952).  Many  of  the  data  from  these  tests 
have  been  declassified  during  recent  years,  although 
the  reports  are  often  difficult  to  obtain.  Many  results 
below  are  summarized  directly  from  these  reports. 
Glasstone  and  Dolan  (1977)  provide  a  very  readable 
and  comprehensive  review  as  well.  After  ratification 
of  the  Nuclear  Test  Ban  Treaty  in  1963,  most  na¬ 
tions’  testing  programs  moved  to  a  strictly  under¬ 
ground  approach  with  the  goal  of  containing  all 
explosion  products  below  the  surface  in  the  immedi¬ 
ate  vicinity  of  the  test.  This  marked  the  permanent 
end  of  effects  testing  with  civilian  structures.  By  that 
time  the  number  of  weapons  and  their  individual 
yields  (up  to  several  Mt)  had  moved  the  arms  race 
into  the  regime  of  Mutually  Assured  Destruction, 
rendering  the  survivability  of  civilian  structures  more 
or  less  a  moot  point. 

For  the  weapon  effects  tests  discussed  here,  struc¬ 
tures  and  vehicles  were  set  up  at  various  distances 
from  ground  zero,  each  distance  representing  a  cer¬ 
tain  value  of  air  shock  overpressure.  Many  of  the  test 
data  summarized  below  are  associated  with  detona¬ 
tion  of  the  Apple  II  device  (30  kt  yield)  on  the  top  of 
a  150  m  high  tower  at  the  Nevada  Test  Site.  In 
addition  some  observations  from  Hiroshima  and  Na¬ 
gasaki  are  included  because  these  provide  the  only 
data  on  large  buildings  typical  of  urban  areas.  In 
these  two  cases  observations  have  been  typically 
reported  as  functions  of  distance  from  ground  zero.  I 
converted  this  to  shock  overpressure  values  (focus¬ 
ing  only  on  the  regions  where  Mach  stem  develop¬ 
ment  would  have  resulted  in  lateral  loading  on  struc¬ 
tures)  using  the  approach  laid  out  in  Chapter  3  of 
Glasstone  and  Dolan  (1977)  with  the  estimated  yield 
and  height  of  burst  of  these  two  explosions.  Because 
of  the  many  simplifications  involved  in  using  these 


test  data  as  analogs  for  explosive  volcanic  effects,  I 
summarize  only  the  general  results  of  the  tests  and 
observations  on  various  structural  types  and  at  sev¬ 
eral  overpressures  (pressures  are  given  in  units  of 
psi,  pounds  per  square  inch,  in  addition  to  SI  units  to 
aid  in  cross-referencing  the  literature — 1  psi  =  6.9 
kPa).  Fig.  4  captures  most  of  the  range  of  dynamic 
overpressures  that  could  be  expected  in  pyroclastic 
density  currents.  The  reader  is  referred  to  the  original 
reports  and  to  Glasstone  and  Dolan  (1977)  for  more 
details. 

4.1.  Damage  at  7-14  kPa  ( ~  1-2  psi) 

Low-concentration  pyroclastic  density  currents 
traveling  faster  than  about  100  m/s,  or  high-con- 
centration  PDCs  with  velocities  as  low  as  ~  10  m/s 
are  capable  of  producing  dynamic  overpressures  of 
the  order  of  7  kPa  (Fig.  4).  Overpressures  of  this 
magnitude  represent  the  onset  of  structural  damage 
around  nuclear  explosions.  Reinforced  concrete 
buildings,  whether  multi-  or  single-story,  suffer  little 
if  any  structural  damage  at  these  loadings;  however, 
glass  windows,  false  ceilings  and  interior  partitions 
can  be  heavily  damaged  as  the  air  shock  propagates 
into  the  building.  If  the  ratio  of  window  area  to  wall 
area  is  sufficiently  high  to  allow  flowage  of  a  PDC 
into  such  a  building,  similar  damage  might  be  ex¬ 
pected  in  a  volcanic  scenario.  Heavily  steel-framed 
buildings  may  survive  loadings  of  the  7-14  kPa 
range,  although  light  wood  or  aluminum  wall  panels 
may  be  destroyed  or  bent  on  the  upstream  face  of  a 
building  (Johnston,  1956).  Light  steel-framed  build¬ 
ings,  however,  may  experience  severe  structural 
damage  as  the  frame  bends  under  loading  (Fig.  5). 

Houses  suffer  varying  damage  in  this  overpres¬ 
sure  range.  Masonry  and  precast  concrete  houses 
suffer  little  or  no  structural  damage,  but  windows 
and  doors  were  blown  out  and  some  window  frames 
can  be  partially  ripped  from  their  walls  (Randall, 
1961).  Wood  frame  houses  suffer  more  serious  dam¬ 
age.  In  addition  to  severe  window  and  door  damage, 
roof  beams  and  floor  supports  begin  to  break  at 
around  10  kPa  overpressure.  Weakly  built  wood 
frame  houses  begin  to  lean  in  the  downwind  direc¬ 
tion. 

Most  heavy  infrastructure  elements,  such  as  roads 
and  railways,  are  not  appreciably  damaged  by  this 


126 


G.A.  Valentine  /  Journal  of  Volcanology  and  Geothermal  Research  87  (1998)  117-140 


Fig.  5.  Damage  to  a  single-story,  light  steel-frame  building  in  Hiroshima  (1.3  km  from  ground  zero).  This  structure  was  exposed  to  an 
overpressure  of  about  12  kPa.  Some  of  the  collapse  of  the  structure  was  due  to  fire  after  the  blast  damage  (such  fires  would  also  be  expected 
after  passage  of  sufficiently  hot  pyroclastic  density  currents).  From  Glasstone  and  Dolan  (1977). 


overpressure  range.  In  a  volcanic  scenario,  these 
structures  could  be  covered  with  debris  and  pyroclas¬ 
tic  deposits,  but  would  be  useable  as  soon  as  they 
were  cleaned  off.  Areal  power  and  telecommunica¬ 
tions  lines  may  be  damaged,  adding  difficulty  to 
local  response  and  recovery  work.  Vehicles,  includ¬ 
ing  trains,  exposed  to  these  overpressures  suffer 
minor  damage  in  the  form  of  broken  windows  and 
bent  body  panels,  but  typically  are  still  operable  and 
could  be  used  for  emergency  operations. 

4.2.  Damage  at  20-30  kPa  ( ~  3-4  psi) 

PDCs  with  particle  concentrations  of  10-2  and 
velocities  greater  than  about  50  m/s  (and  lower 
velocities  for  higher-concentration  PDCs)  are  capa¬ 
ble  of  producing  dynamic  overpressures  in  this  range, 
resulting  in  moderate  to  severe  damage.  Steel-frame 
buildings  with  light  walls  (e.g.,  aluminum,  wood,  or 
sheet  rock)  suffer  damage  in  this  overpressure  range 
as  wall  panels  are  blown  off  (particularly  on  the 
upstream  face),  and  the  steel  frame  itself  is  bent  and 
even  pulled  out  of  concrete  footings  (Fig.  6).  How¬ 
ever,  if  wall  materials  blow  off  or  fragment  very 
quickly,  reducing  the  load  on  the  frame,  it  is  possible 
for  the  frame  itself  to  suffer  little  damage  so  that  it 
might  be  re-used  or  walled  in  for  emergency  shelter. 
Buildings  made  of  self  supporting  aluminum  or  light 
steel  panels  (common  as  storage  buildings)  bend 
downwind  and  collapse  at  these  overpressures,  ren¬ 
dering  them  useless,  although  heavy,  corrugated  steel 


buildings  that  are  strongly  bolted  together  will  buckle 
but  remain  standing  (Johnston,  1956).  Most  framed, 
reinforced,  multistory  concrete  buildings  suffer  suffi¬ 
cient  damage  that  they  would  require  demolition  and 
rebuilding,  as  the  upstream-facing  walls  lean  inward 
and  begin  to  collapse,  and  roofs  collapse. 

Typical  wood-frame  houses  are  damaged  beyond 
repair  in  this  range  of  overpressure.  For  nuclear 
explosions  in  Nevada  in  1955  (Randall,  1961),  some 
techniques  for  reinforcing  such  houses  were  applied 
to  test  how  they  affected  the  house’s  survivability  (in 
this  case  a  simple  two-story  house).  These  tech¬ 
niques  included  reinforced  concrete  basement/ 
foundation  walls,  heavier  connections  between  struc¬ 
tural  elements,  larger  boards  for  rafters  and  wall 
studs,  and  use  of  plywood  for  interior  wall  and 
ceiling  panels  instead  of  lath-and-plaster.  Although 
this  reinforced  structure  remained  standing  after  ex¬ 
posure  to  30  kPa,  it  was  so  severely  damaged  that  it 
was  not  reusable.  The  roof  was  collapsed  and  blown 
off,  the  front  wall  was  dished  in,  and  part  of  the 
brick  chimney  was  blown  off.  Most  joists  and  beams 
were  severely  cracked.  The  experience  of  Nagasaki 
and  Hiroshima  show  that  in  this  overpressure  range 
most  wood  frame  houses  simply  collapse. 

Damage  to  heavy  infrastructure  from  this  range  of 
overpressure  is  expected  to  be  slight  to  moderate, 
although  it  is  difficult  to  find  direct  data  on  this. 
Train  cars  begin  to  be  seriously  damaged  as  their 
walls  crack  and  partially  blow  off.  It  is  likely  that 
cars  and  trucks  would  be  significantly  displaced  and 
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Fig.  6.  Rigid  steel  frame  building  with  light  walls  before  (a)  and  after  (b)  exposure  to  overpressure  of  21  kPa.  From  Glasstone  and  Dolan 
(1977). 


rolled,  but  most  would  still  be  operational  (but  not 
pretty). 

4.3.  Damage  at  >  35  kPa  ( ~  5  psi) 

The  lower  bound  of  this  overpressure  range  marks 
the  onset  of  essentially  total  destruction  for  most 
buildings.  A  pyroclastic  density  current  with  particle 
concentration  of  0.01,  traveling  at  a  speed  of  about 
80  m/s  is  capable  of  producing  35  kPa  dynamic 
overpressure.  However,  PDCs  with  concentrations 
between  0.1 -0.5,  which  may  be  typical  of  flows  that 
produce  high-aspect  ratio  ignimbrites,  produce  such 
dynamic  overpressures  at  relatively  low  velocities  of 
10-20  m/s. 

Data  on  the  response  of  multistory  buildings 
mainly  come  from  Hiroshima  and  Nagasaki.  Some 
reinforced-concrete  frame  buildings  in  those  cities 
survived  the  1945  bombings  even  at  overpressures 


higher  than  35  kPa;  these  buildings  had  been  de¬ 
signed  to  be  earthquake  resistant  (limited  to  ~  30  m 
in  height  and  capable  of  withstanding  lateral  loads 
up  to  10%  of  the  vertical  load  of  the  structure). 
However,  even  in  these  cases  the  windows  and  doors 
were  blown  out  and  the  interior  was  extensively 
damaged.  I  expect  that  similar  damage  would  happen 
during  the  extreme  conditions  of  PDC  being  consid¬ 
ered  here.  Cities  that  are  vulnerable  to  explosive 
eruptions  also  tend  to  have  significant  earthquake 
hazards  and  therefore  are  expected  to  have  at  least 
some  buildings  that  are  designed  to  resist  earth¬ 
quakes.  During  a  volcanic  crisis  these  buildings 
would  be  most  likely  to  maintain  their  structural 
integrity,  so  that  they  could  be  used  for  emergency 
shelter  if  windows  and  doors  can  be  sufficiently 
strengthened  or  covered.  More  typical  reinforced- 
concrete  frame  buildings  were  damaged  beyond  re¬ 
pair  in  Hiroshima  and  Nagasaki,  as  illustrated  in 
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Fig.  7.  Steel  frame  structures  lean  downwind  and 
partially  or  completely  collapse  at  overpressures  ex¬ 
ceeding  35  kPa. 

The  only  type  of  house  that  has  been  observed  to 
survive  overpressures  of  35  kPa  are  single-story,  low 
profile  buildings  with  walls  of  precast  concrete  slabs 
or  blocks.  In  the  Nevada  test  reported  by  Randall 
(1961)  such  structures  had  flat  roofs  made  of  15 
cm-thick  precast  concrete.  As  expected,  windows 
and  doors  are  blown  off,  but  there  is  little  if  any 
structural  damage.  Such  structures  would  make  good 
emergency  response  coordination  centers  and  could 
provide  storage  for  food  rations.  However,  in  an 
eruption  scenario  where  pyroclastic  density  currents 
may  occur,  these  low-lying  buildings,  while  being 
relatively  sturdy  against  the  lateral  load,  could  also 
be  quickly  buried  or  partially  buried  by  a  sustained 
PDC. 

Most  personal  vehicles  exposed  to  35  kPa  over¬ 
pressures  can  be  expected  to  be  damaged  beyond  any 
use.  Heavy  trucks  will  be  seriously  damaged  at  this 
overpressure  but  still  useful  for  emergency  response 
(Shaw  and  McNea,  1957);  however,  after  exposure 
to  any  higher  overpressures  even  most  heavy  duty 
trucks  would  not  be  driveable.  Empty  railway  cars 
were  blown  off  their  tracks  at  about  41  kPa  overpres¬ 
sure  in  a  Nevada  test.  A  heavily  loaded  railroad  car 
suffered  severe  damage  to  its  walls  and  roof,  but 
remained  on  the  tracks  and  could  be  hauled  away 
after  41  kPa  overpressure,  but  at  51  kPa  it  was  blown 
off  the  tracks  and  at  62  kPa  it  was  completely 
destroyed  (Glasstone  and  Dolan,  1977).  A  diesel 


train  engine  exposed  to  51  kPa  remained  operable.  In 
the  same  test  electrical  equipment  including  utility 
poles,  suspension  towers,  and  transformers  were  ex¬ 
posed  to  overpressures  up  to  35  kPa.  Some  towers 
and  poles  were  knocked  over,  but  most  remained 
standing,  such  that  moderate  repairs  could  restore  the 
system.  However  note  that  these  types  of  structures 
are  relatively  unaffected  by  diffraction  loading  be¬ 
cause  their  members  are  narrow.  Instead,  they  are 
most  sensitive  to  dynamic  pressure  loading  which  in 
this  case  only  amounted  to  about  4  kPa.  Therefore  I 
expect  that  in  a  volcanic  scenario  such  structures 
would  be  effectively  destroyed  by  the  higher  dy¬ 
namic  pressures  of  most  PDCs.  At  these,  and  poten¬ 
tially  at  lower  overpressures  water  pipes  in  building 
walls  or  that  extend  above  the  ground  tend  to  be 
ruptured.  At  Nagasaki  this  resulted  in  a  dramatic  loss 
of  water  pressure  in  the  city  supply  system,  severely 
reducing  the  ability  of  emergency  responders  to  put 
out  fires  caused  by  the  explosion — a  similar  situa¬ 
tion  could  easily  arise  in  a  volcanic  scenario.  Heavy 
infrastructure  elements  such  as  reinforced  bridges 
begin  to  buckle  and  experience  significant  damage  at 
overpressures  above  about  100  kPa. 

4.4.  Failure  of  individual  structural  elements 

Glasstone  and  Dolan  (1977)  briefly  discuss  the 
overpressure  conditions  for  failure  of  individual 
structural  elements  of  common  buildings.  Although 
they  focus  on  elements  that  are  sensitive  to  air  shock 
overpressure,  implying  that  they  can  endure  little 


Fig.  7.  Three-story,  reinforced-concrete  frame  building  in  Nagasaki  after  exposure  to  overpressure  of  about  31-35  kPa  (0.66  km  from 
ground  zero).  Note  partial  collapse  of  the  facing,  upstream  wall.  From  Glasstone  and  Dolan  (1977). 
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Table  1 

Conditions  of  failure  of  overpressure-sensitive  structural  elements11 


Structural  element 

Failure 

Approximate  side-on  peak 
overpressure  (kPa) 

Glass  windows,  large  and  small. 

Shattering  usually,  occasional  frame  failure. 

3.4-6.9 

Corrugated  asbestos  siding. 

Shattering. 

6.9-13.8 

Corrugated  steel  or  aluminum  paneling. 

Connection  failure  followed  by  buckling. 

6.9-13.8 

Brick  wall  panel,  8  in.  or  12  in.  thick 
(not  reinforced). 

Shearing  and  flexure  failures. 

21-69 

Wood  siding  panels,  standard  house 
construction 

Usually  failure  occurs  at  the  main  connections 
allowing  a  whole  panel  to  be  blown  in. 

6.9-13.8 

Concrete  or  cinder-block  wall  panels, 

8  in.  or  12  in.  thick  (not  reinforced). 

Shattering  of  the  wall. 

10.3-38 

“Glasstone  and  Dolan  (1977). 


plastic  deformation,  these  conditions  probably 
roughly  apply  to  dynamic  overpressures  that  might 
be  experienced  in  pyroclastic  density  currents. 
Table  1  provides  these  failure  conditions.  This  infor¬ 
mation  is  included  here  because  it  may  be  useful  for 
determining  which  structural  elements  to  reinforce  in 
a  city  that  is  preparing  for  a  potential  explosive 
eruption. 

4.5.  Damage  to  forests 

Glasstone  and  Dolan  (1977)  also  tabulate  criteria 
for  the  damage  of  forests,  which  is  here  modified  to 
show  forest  damage  for  different  dynamic  overpres¬ 
sures  (Table  2).  Comparing  the  criteria  in  Table  2 
with  dynamic  overpressures  for  pyroclastic  density 
currents  (Fig.  4)  we  see  that  nearly  complete  blow¬ 
down  of  a  forest  can  occur  with  dynamic  pressures 
as  low  as  2  kPa,  which  corresponds  to  ~  70  m/s  for 
a  dilute  (10— 3  solid  concentration)  current.  Note  that 


these  criteria  are  generalized  and  there  will  be  some 
variations  depending  on  the  types  of  trees  and  their 
shapes. 


5.  Probabilistic  approaches 

As  stated  earlier,  variations  and  uncertainties  in 
building  properties  (e.g.,  orientation,  quality  of 
workmanship),  along  with  the  limited  nature  of  tests 
and  observations  of  damage  from  nuclear  weapons 
(as  with  explosive  eruptions),  suggest  that  a  proba¬ 
bilistic  approach  to  damage  as  a  function  of  over¬ 
pressure  would  be  useful.  Pickering  and  Bockholt 
(1971)  produced  a  very  useful  set  of  probabilistic 
damage  criteria  for  a  range  of  structures  based  on  an 
early  form  of  expert  elicitation.  First,  the  authors 
conducted  a  thorough  review  of  the  literature  on 
blast  damage  to  structures  and  structural  elements  of 
interest  (selected  according  to  their  importance  in 


Table  2 

Damage  criteria  for  forests2 


Damage  type 

Nature  of  damage 

Dynamics 
overpressure  (kPa) 

Severe 

Up  to  90%  of  trees  blown  down;  remainder  denuded  of  branches  and  leaves. 
(Area  impassable  to  vehicles  and  very  difficult  on  foot.) 

2-2.4 

Moderate 

About  30%  of  trees  blown  down;  remainder  have  some  branches  and  leaves 
blown  off.  (Area  passable  to  vehicles  only  after  extensive  clearing.) 

1-1.2 

Light 

Only  applies  to  deciduous  forest  stands.  Very  few  trees  blown  down;  some 
leaves  and  branches  blown  off.  (Area  passable  to  vehicles.) 

0.5-0.8 

“Glasstone  and  Dolan  (1977). 


BUILDING  TYPE 

VARIATIONS 

TWO-  OR  THREE-STORY  FRAME  SINGLE 
RESIDENCES,  ROW  HOUSES,  APTS  AND 
MOTELS,  WITH  OR  WITHOUT  BASEMENT 

WALLS:  WOOD,  COMPOSITION,  STUCCO  OR  METAL  SIDING:  BRICK  OR  STONE 

VENEER  SIDING 

ROOF:  FLAT  (Built-up)  OR  PEAKED  (Wood  or  Composition  Shingles) 

BUILDING  ELEMENT 

ESTIMATED  PROBABILITY  OF  FAILURE  —  percent 

DOORS  AND  WINDOWS 

Window  Glass1 

Window  and  Door  Frames1 

10 

1- 

50 

90 

!£ — 1 — 

10 

D 

EXTERIOR  WALLS 

Face  Exposure  2 

Side  Exposure 

Rear  Exposure 

0 

50  90 

90 

5 

50 

INTERIOR  PARTITIONS 

10  50 1 

tzi 

ROOF 

Peaked 

Flat 

10 

50  90 

10  1  50 

INTERMEDIATE  FLOORS 

3 

50  1  90 

FIRST  FLOOR 

Reinforced  Concrete 

LQ _ J _ s 

E! 

n 

L 

MISCELLANEOUS 

Chimneys 

Open  Carport  Roof 

10 

J 

1 

50 

50  9 

90 

COMPOSITE  STRUCTURE 

10 _ 

iff. . j 

NOTES  1  Face  exposure. 

2  Long  dimension  perpendicular  to 
direction  of  travel  of  blast  wave. 

0.15  0.2  0.3  0.4  0.50.6  0.8  1.0  1.5  2  3  4  5  6  8  10  15  20  30  40 

PEAK  OVERPRESSURE  —  psi 


1  2  4  6  8  10  20  40  60  80  100  200 

PEAK  OVERPRESSURE  —  kPa 

Fig.  8.  Estimated  probability  of  failure  chart  for  two-  or  three-story  frame  single  residences,  row  houses,  apartments,  and  motels.  Modified  from  Pickering  and  Bockholt  (1971). 


G.A.  Valentine  /  Jour 


BUILDING  TYPE 

MIXED  TWO-  TO  FOUR-STORY 
COMMERCIAL,  RESIDENTIAL,  AND  OFFICE 
MASONRY  LOAD  BEARING  WALL  BLDGS 

BUILDING  ELEMENT 

DOORS  AND  WINDOWS 
Window  Glass1 

Window  and  Door  Frames 

Plate  Glass  at  Street  Level _ 

EXTERIOR  WALLS 
Face  Exposure2 
Side  Exposure 
Rear  Exposure 

INTERIOR  PARTITIONS _ 

ROOF _ 

FLOOR  OVER  BASEMENT 
COMPOSITE  STRUCTURE 


NOTES  1  Face  exposure. 

2  Long  dimension  perpendicular  to 
direction  of  travel  of  blast  wave. 

0.15  0.2 


Fig.  10.  Estimated  probability  of  failure  chart  for  mixed  two-  to  four 
Pickering  and  Bockholt  (1971). 


VARIATIONS 


DOORS  AND  WINDOWS 


Window  Glass1 
Doors1 
Plate  Glass1 
EXTERIOR  WALLS2 
LIGHT 

-  Face  Exposure 


-  Side  and  Rear  Exposure 
HEAVY  WITH  WINDOWS 

-  Face  Exposure 

-  Side  and  Rear  Exposui 
HEAVY  SOLID 

-  Face  Exposure 

-  Side  and  Rear  Exposui 

INTERIOR  PARTITIONS  3 
Frame 
Masonry 
ROOF 

FLOOR  OVER  BASEMENT  ' 
FRAME 

Heavy  Exterior  Walls 
Light  Exterior  Walls 
COMPOSITE  STRUCTURE 
Heavy  Exterior  Walls 
Light  Exterior  Walls 


NOTES 


i  OVERPRESSURE 


PEAK  OVERPRESSURE 


BUILDING  TYPE 


MULTISTORY  STEEL  FRAME  OFFICE 
INSTITUTIONAL  BUILDINGS,  FOUR 
TEN  STORIES 


BUILDING  ELEMENT 

DOORS  AND  WINDOWS 
Window  Glass'! 

Plate  Glass _ 

EXTERIOR  WALLS 
LIGHT 

-  Face  Exposure 

-  Side  and  Rear  Exposure 
HEAVY  WITH  WINDOWS 

-  Face  Exposure 

-  Side  and  Rear  Exposure 
HEAVY  SOLID 

-  Face  Exposure 

-  Side  and  Rear  Exposure _ 

INTERIOR  PARTITIONS  3 

Frame 

Masonry 

ROOF 

FLOOR  OVER  BASEMENT 

SUSPENDED  CEILING _ 

FRAME 

Heavy  Exterior  Walls 
Light  Exterior  Walls 
COMPOSITE  STRUCTURE 
Heavy  Exterior  Walls 
Lignr  Exterior  Walls _ 


NOTES 


VARIATIONS 


2  4  6  8  10  20  40  60  80  100  200 

PEAK  OVERPRESSURE  —  kPa 

ice  and  institutional  buildings,  four  to  ten  stories  high.  Modified  after  Pickering  and  Bockholt  (1971). 


BUILDING  TYPE 


0.15  0.2 


0.3  0.4 


VARIATIONS 


ALLS  BRICK,  STONE  OR  CONCRETE 

1AM E  STEEL,  REINFORCED  CONCRETE,  OR  LOAD-BEARING  WALL 


ESTIMATED  PROBABILITY  OF  FAILURE  —  percent 


4  6  8  10  20 

PEAK  OVERPRESSURE  —  kPa 


asonry  buil 


5  6 


8  10 
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urban  settings).  Based  on  this  literature  review,  the 
overpressure  values  at  which  there  is  a  10%,  50%, 
and  90%  probability  that  a  given  structure  will  fail 
(‘failure’  implies  damage  beyond  repair  and  col¬ 
lapse)  were  estimated  and  probability  distributions 
were  developed  based  on  these  estimates.  These 
distributions  were  then  reviewed  and  critiqued  by 
engineers  with  direct  experience  in  experimental  and 
analytical  studies  of  nuclear  blast  damage  to  build¬ 
ings;  the  distributions  were  modified  to  address  the 
reviews  as  appropriate.  In  addition,  for  each  structure 
type  included  in  the  study,  the  same  type  of  esti¬ 
mates  were  done  for  the  main  structural  elements 
(e.g.,  facing  wall,  roof)  of  that  type. 

Charts  showing  these  damage  criteria  for  selected 
building  types,  along  with  details  of  the  construction 
of  the  buildings,  are  shown  in  Figs.  8-13.  For  each 
building  type,  all  of  the  main  elements  (e.g.,  win¬ 
dows,  walls,  roof)  have  an  estimated  range  of  failure 
overpressures.  Fig.  8,  for  example,  shows  that  the 
upstream  exterior  wall  (face  exposure)  of  that  type  of 
building  will  have  a  10%  probability  of  failing  at 
about  10  kPa  (1.5  psi),  a  50%  failure  probability  at 
~  15  kPa  (2.2  psi),  and  a  90%  probability  of  failure 
at  ~  21  kPa  (3  psi).  Combined  with  the  damage 
observations  reviewed  in  the  sections  above,  these 
charts  provide  a  means  for  estimating  the  extent  and 
probability  of  damage  at  a  given  location  given  a 
predicted  range  of  dynamic  overpressure  and  some 
prior  knowledge  of  building  types. 


6.  Comparison  with  documented  damage  from 
explosive  eruptions 

I  am  aware  of  few  descriptions  of  the  details  of 
structural  damage  from  pyroclastic  density  currents. 
In  this  section,  I  summarize  some  observations  of 
damage,  discuss  the  PDC  conditions  implied  by  the 
damage,  and,  where  reasonable,  compare  with  inde¬ 
pendently-estimated  conditions  within  the  currents.  If 
eruptions  that  damage  developed  areas  occur  in  the 
near  future  it  would  be  useful  for  PDC  effects  to  be 
mapped  in  terms  of  degree  of  damage  for  various 
structure  types  and  to  attempt  to  correlate  these  data 
with  calculated  or  observed  flow  conditions.  An 
interesting  side  application  of  this  work  is  that  given 
independent  estimates  of  velocity,  along  with  a  given 


type  of  damage,  one  can  estimate  a  range  of  particle 
concentrations  in  a  pyroclastic  density  current.  The 
broad  consistency  between  particle  concentration  es¬ 
timated  from  the  damage  framework  described  above, 
and  that  estimated  by  sedimentological  or  facies 
arguments,  indicates  that  the  nuclear  blast  damage 
criteria  are  useful  analogs  for  qualitative  prediction 
of  PDC-induced  damage.  This  is  particularly  true  for 
PDCs  that  are  of  relatively  short  duration  (seconds  to 
tens  of  seconds),  which  is  likely  true  for  the  cases 
described  below,  where  the  time  scale  of  lateral 
loading  is  not  too  different  from  that  around  a  nu¬ 
clear  explosion. 

6.1.  1951  Mt.  Lamington  eruptions 

Taylor  (1958)  provided  a  detailed  account  of  the 
1951  eruptions  at  Mt.  Lamington,  Papua,  which  in¬ 
cluded  dome-building  and  explosive  phases  and  the 
formation  of  pyroclastic  density  currents  (nuees  ar- 
dentes)  during  the  climactic  eruption  on  21  January. 
The  area  affected  by  these  PDCs  included  many 
agricultural  villages.  Buildings  in  these  villages  ap¬ 
parently  were  mainly  wood  frame  houses,  many  on 
stilts  rather  than  on  the  ground,  that  were  completely 
destroyed  by  the  PDCs.  Exceptions  to  this  were:  (l) 
an  District  Commissioner’s  building  and  three  steel 
huts  located  at  Higaturu,  about  10  km  north  from  the 
active  vent,  and  (2)  Sangara  Mission,  about  1.5  km 
down-slope  of  Higaturu. 

At  Higaturu,  the  District  Commissioner’s  building 
(house)  was  a  U-shaped  building,  pointing  in  the 
downflow  direction.  Details  of  its  construction  are 
not  provided  in  Taylor’s  report,  but  judging  from 
photographs  it  was  wood-framed  with  wood-panel 
walls.  Windows  and  doors  were  blown  out  of  the 
structure  and  it  was  filled  with  some  centimeters  of 
ash,  but  the  walls  and  roof  remained  intact  on  most 
of  the  building.  Taylor  reports  that  the  building  was 
moved  wholesale  about  5  m  in  the  down-flow  direc¬ 
tion,  and  that  much  of  the  damage  on  the  up-flow 
face  was  due  to  ‘flying  debris’.  Other  buildings 
associated  with  the  local  administration  were  com¬ 
pletely  destroyed,  leaving  only  their  floors  intact.  It 
seems  likely  that  the  Commissioner’s  building  would 
have  been  destroyed  had  it  been  firmly  planted  on  a 
foundation  and  therefore  had  an  immobile  floor. 
Instead,  much  of  the  lateral  load  produced  by  the 
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PDC  was  taken  up  by  motion  of  the  whole  structure. 
The  three  steel  huts  were  partly  collapsed.  A  steel¬ 
framed  hospital  was  completely  destroyed. 

At  Sangara  Mission,  near  the  distal  end  of  the 
PDC,  the  degree  of  damage  is  somewhat  less.  Tree 
blowdown  was  not  complete  here.  The  major  struc¬ 
tures  here  were  the  mission  house  and  a  complex  of 
sheds  to  the  upstream  side  of  the  house  (Fig.  14). 
Damage  to  these  wood  frame  sheds  included  col¬ 
lapse  of  a  few  rooms  and  stripping  of  some  roof  and 
wall  panels;  however,  judging  from  the  photographs 
in  the  report  of  Taylor  (1958),  most  of  the  wood 
frame  of  the  sheds  remained  standing.  The  mission 
house,  10-20  m  downstream,  was  largely  undam¬ 
aged  except  for  some  holes  produced  by  flying  rocks; 
even  many  of  the  windows  remained  intact. 

This  extent  of  damage  suggests  dynamic  over¬ 
pressures  of  7-20  kPa  (  —  1—3  psi)  at  Higaturu,  and 
about  7  kPa  at  Sangara  Mission.  Taylor  (1958)  esti¬ 
mated  the  velocity  of  the  PDC  on  21  January  1951  to 
range  from  27-93  m/s,  based  on  distance  covered 
and  the  duration  of  the  explosive  event  as  estimated 
by  eye  witnesses.  Fig.  4  shows  this  range  of  condi¬ 
tions  on  the  dynamic  overpressure  vs.  flow  speed 
diagram  presented  above,  from  which  we  can  infer 
that  the  particle  concentration  of  the  PDC  at  these 
locations  was  between  about  2  X  10-3  and  6  X  10-2. 
These  relatively  low  concentrations  would  be  consid¬ 


ered  in  the  pyroclastic  surge  regime  in  past  literature 
and  are  consistent  with  other  observations  at  this  site, 
such  as  the  thickness  of  deposits  here  (centimeters  to 
a  few  decimeters)  and  the  proximity  (  <  2  km)  to  the 
distal  singe  zone  where  the  current  probably  became 
buoyant.  Taylor  (1958)  also  used  damage  such  as  a 
bent  flagpole  to  estimate  flow  velocities  and  arrived 
at  a  range  of  70-80  m/s  at  Higaturu,  but  he  did  not 
account  for  the  particle  load  of  the  PDC. 

6.2.  St.  Pierre,  Martinique,  1902 

The  20  May  1902  nuees  ardente  erupted  from  Mt. 
Pelee  destroyed  the  city  of  St.  Pierre,  Martinique 
(part  of  the  city  had  been  heavily  damaged  less  than 
2  weeks  earlier,  on  8  May,  as  well).  Photographs 
taken  by  Lacroix  shortly  after  these  eruptions  (Lac¬ 
roix,  1904),  show  that  practically  no  complete  struc¬ 
tures  were  left  standing,  although  some  individual 
walls  remained  standing.  I  have  not  been  able  to  find 
any  descriptions  of  the  building  types  that  dominated 
the  city  of  Martinique,  but  it  seems  reasonable  to 
assume  (and  also  supported  by  photographs  taken  at 
the  time)  that  most  of  the  buildings  in  the  city  were 
masonry,  but  the  degree  of  reinforcement  is  un¬ 
known.  Based  on  the  level  of  overall  destruction, 
though,  it  seems  that  dynamic  overpressures  of  30 
kPa  and  greater  are  likely.  Because  some  walls  were 


Fig.  14.  Sheds  and  house  at  Sangara  Mission  damaged  by  pyroclastic  density  current  from  Mt.  Lamington.  Flow  was  from  right  to  left. 
From  Taylor  (1958). 
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still  standing,  an  upper  bound  on  dynamic  overpres¬ 
sure  may  be  estimated  at  ~  70  kPa,  above  which  I 
think  there  would  have  been  no  remaining  walls. 
Lacroix  (1904)  estimated  velocities  to  range  between 
100-150  m/s  for  the  20  May  event  (see  also  Bour- 
dier  et  al.,  1989).  Using  these  very  crudely-derived 
bounds,  I  estimate  that  particle  concentration  in  the 
PDC  ranged  from  about  3  X  10-3  to  2  X  10-2  (Fig. 
4).  This  range  is  consistent  with  that  estimated  by 
LaJoie  et  al.  (1989),  from  10-3  to  about  5  X  10-2, 
based  on  sedimentological  arguments,  and  with  the 
interpretations  of  Fisher  et  al.  (1980),  Fisher  and 
Heiken  (1982),  Bourdier  et  al.  (1989),  Charland  and 
LaJoie  (1989);  Boudon  and  LaJoie  (1989). 

6.3.  Herculaneum,  79  AD 

Sigurdsson  et  al.  (1985)  provide  some  information 
on  the  structural  damage  in  Herculaneum  that  was 
caused  by  pyroclastic  density  currents  from  the  79 
AD  eruptions  of  Vesuvius.  The  first  of  these  PDCs 
to  affect  Herculaneum  (surge  S-l  of  Sigurdsson  et 
al.,  1985)  was  sufficiently  strong  to  knock  down  the 
large  colonnade  and  portico  that  surrounded  the 
palestra.  Bricks,  roof  tiles,  and  other  building  frag¬ 
ments  were  transported  a  few  meters,  but  Sigurdsson 
et  al.  (1985)  infer  that  most  walls  remained  standing 
after  the  passage  of  S-l .  Assuming  that  the  buildings 
were  all  unreinforced  masonry,  this  level  of  damage 
indicated  dynamic  overpressures  within  the  range  of 
approximately  10-20  kPa.  Sigurdsson  et  al.  (1985) 
estimate  that  the  velocity  of  this  PDC  was  on  the 
order  of  30  m/s.  On  Fig.  4  I  have  attempted  to 
bracket  the  conditions  of  the  SI  PDC,  assuming  the 
above  range  of  dynamic  overpressure  and  allowing 
for  a  velocity  between  30  +  20  m /s.  The  results 
indicate  that  the  SI  pyroclastic  density  current  ranged 
in  particle  concentration  from  about  10_2-0.5.  Ac¬ 
cording  to  Sigurdsson  et  al.  (1985)  the  basal  layer  of 
SI  is  massive  and  poorly  sorted,  consistent  with  a 
relatively  high  concentration,  while  the  upper  layer  is 
cross  bedded,  indicating  relatively  lower  particle 
concentration.  These  features  are  consistent  with  the 
concentrations  indicated  in  Fig.  4,  which  cover  the 
transition  between  what  would  traditionally  have  been 
called  pyroclastic  surge  and  pyroclastic  flow. 

The  next  major  PDC  to  hit  Herculaneum  left 
deposits  identified  as  S2  by  Sigurdsson  et  al.  (1985); 


S2  was  strong  enough  to  complete  the  destruction  of 
the  town  by  knocking  down  remaining  walls.  I  esti¬ 
mate  that  the  dynamic  overpressure  for  such  damage 
was  between  35-70  kPa.  Based  on  the  similarities 
between  the  S2  deposits  and  those  of  the  18  May 
1980  blast  at  Mount  St.  Helens,  Sigurdsson  et  al. 
(1985)  estimated  that  the  S2  pyroclastic  density  cur¬ 
rent  had  velocities  of  100-200  m/s  at  Herculaneum. 
Using  these  estimates  to  bracket  the  PDC  conditions 
(Fig.  4)  we  can  infer  particle  concentrations  of  ~  1.5 
X  10“3  to  1.5  X  10“2. 


7.  Conclusions 

In  this  paper  I  have  attempted  to  use  nuclear 
weapon  test  data  for  estimating  damage  to  structures 
from  pyroclastic  density  currents,  taking  into  account 
the  limits  in  making  an  analogy  between  the  two 
types  of  explosive  events.  There  are  two  results  that  I 
hope  will  be  produced  by  this  paper.  First,  the 
damage  patterns  and  criteria  reviewed  here  should  be 
used  in  concert  with  predictions  of  dynamic  pressure 
within  PDCs  that  are  derived  from  multiphase  nu¬ 
merical  simulation.  Ultimately,  such  approaches  will 
account  for  a  range  of  particle  sizes  and  three-dimen¬ 
sional  processes,  therefore  producing  simulations  that 
are  close  approximations  to  real  pyroclastic  density 
currents  in  nature.  By  overlaying  simulations  of 
eruptive  scenarios  onto  geographic  data  that  includes 
building  locations,  sizes,  and  construction  types,  one 
should  be  able  to  produce  maps  of  predicted  damage; 
the  probabilistic  damage  criteria  in  Figs.  8-13  would 
be  particularly  useful  for  this.  Such  maps  can  aid  in 
planning  for  mitigation  and  emergency  response. 
Coupled  with  scenario  probabilities,  this  approach 
will  move  us  toward  rigorous  risk  assessment  for 
urban  centers  near  explosive  volcanoes. 

There  will  be  specific  issues  around  individual 
volcanoes  that  require  more  detailed  study  within  the 
framework  that  is  provided  in  this  paper.  For  exam¬ 
ple,  if  a  city  at  risk  contains  a  wide  range  of  masonry 
building  types,  it  may  be  necessary  to  further  refine 
estimates  of  their  vulnerability  according  to  the  de¬ 
tails  of  their  construction,  moving  beyond  the  quali¬ 
tative,  general  information  provided  here.  In  situa¬ 
tions  like  this,  detailed  modeling  of  dynamic  pres¬ 
sure  loading  may  be  appropriate,  using  tools  devel- 
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oped  in  the  engineering  community  to  study  the 
effects  of  blast  loading  on  individual  structures  (e.g., 
Stein  et  al.,  1977;  Beshara,  1994). 

The  second  outcome  should  be  more  quantitative 
mapping  of  structural  damage  around  historic  or 
future  eruptions,  and  the  application  of  these  data  to 
constraining  both  the  conditions  within  pyroclastic 
density  currents  and  to  further  refine  damage  predic¬ 
tions.  Workers  in  the  field  in  the  aftermath  of  an 
explosive  eruption  should  add  such  data  as  building 
damage,  percentages  of  damage  for  certain  types  of 
buildings,  orientations  and  construction  of  buildings 
where  possible.  Combining  such  data  with  the  data 
that  are  already  collected  by  pyroclastic  geologists 
and  with  modeling  studies  will  further  tighten  our 
ability  to  predict  and  mitigate  the  effects  of  explo¬ 
sive  eruptions. 
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